As a potent macrolide immunosuppressant, cyclosporine A (CsA) is used to treat multiple autoimmune diseases, including non-autoimmune and autoimmune-mediated dry eye disease, rheumatoid arthritis and psoriasis. Despite its potency, CsA has poor solubility, poor bioavailability, and can cause serious adverse reactions such as nephrotoxicity and neurotoxicity. To overcome these limitations, we invented a new strategy to carry CsA by fusing its cognate human receptor, cyclophilin A (CypA), to a 73 kDa elastin-like polypeptide (ELP) termed A192 using recombinant protein expression. Derived from human tropoelastin, ELPs are characterized by the ability to phase separate above a temperature that is a function of variables including concentration, molecular weight, and hydrophobicity. The resultant fusion protein, termed CA192, which assembles into a dimeric species in solution, effectively binds and solubilizes CsA with a K d of 189 nM, comparable to that of endogenous CypA with a K d of 35.5 nM. The release profile of CsA from CA192 follows a one phase decay model with a half-life of 957.3 h without a burst release stage. Moreover, CA192-CsA inhibited IL-2 expression induced in Jurkat cells through the calcineurin-NFAT signaling pathway with an IC 50 of 1.2 nM, comparable to that of free CsA with an IC 50 of 0.5 nM. The intravenous pharmacokinetics of CA192 followed a two-compartment model with a mean residence time of 7.3 h. Subcutaneous administration revealed a bioavailability of 30% and a mean residence time of 15.9 h. When given subcutaneously for 2 weeks starting at 14 weeks in male non-obese diabetic (NOD) mice, a model of autoimmune dacryoadenitis used to study Sjögren's syndrome (SS), CA192-CsA (2.5 mg/kg, every other day) significantly (p = 0.014) increased tear production relative to CA192 alone. Moreover, CA192 delivery reduced indications of CsA nephrotoxicity relative to free CsA. CA192 represents a viable new approach to deliver this effective but nephrotoxic agent in a modality that preserves therapeutic efficacy but suppresses drug toxicity.
Introduction
Cyclosporine A (CsA) is a well-known lipophilic cyclic immunosuppressant peptide composed of 11 amino acids which works by blocking T-cell proliferation and inhibiting the release of inflammatory cytokines such as interleukin-2 (IL-2) and interferon gamma (IFN-γ) [1] . Through binding to its cognate receptor, cyclophilin A (CypA), CsA can inhibit the calcium-calmodulin activated phosphatase, calcineurin [2] , making it a powerful tool in the available arsenal of immunomodulatory therapies. Mechanistically, the nuclear factor of activated T cells (NFAT), the inducible factor that binds the IL-2 promotor in activated T-cells [3] , is dephosphorylated by activated calcineurin, which leads to its nuclear translocation and the induction of NFAT-mediated gene transcription of IL-2. When calcineurin phosphatase activity is inhibited, IL-2 gene expression and secretion are markedly reduced, thus generating the principal therapeutic effect of CsA. In addition to IL-2, other pro-inflammatory cytokines, such as IL-3, IL-4, IL-5, TNF-α and IFN-γ can also be downregulated by CsA [4] .
Due to its immunosuppressive effects, CsA has been widely used to prevent rejection after organ transplantation and in modulation of inflammatory responses in autoimmune disorders including rheumatoid arthritis and psoriasis [5] . However, when administered systemically, CsA can lead to a number of serious adverse drug reactions (ADRs) because of its narrow therapeutic window [6] . Below the therapeutic window, CsA cannot effectively inhibit T cell proliferation and release of inflammatory cytokines required for its therapeutic actions, while above the therapeutic window, it may elicit severe side effects. In fact, though CsA has potential through modulation of IL-2 and other inflammatory cascades to treat a variety of autoimmune and inflammatory disorders, its clinical usage has been greatly limited due to the side effects including nephrotoxicity [7] , hepatotoxicity [8] , neurotoxicity [2] , and hypertension [9] . In addition, due to its low solubility (27 μg/mL), CsA is usually formulated with polyoxyethylated castor oil (Cremophor EL ® ) for parenteral administration which can cause anaphylactoid reactions. When administrated topically, CsA has also been broadly used to treat dry eye syndrome (DES), a multifactorial disease of the ocular surface associated with decreased tear production and affecting an estimated 5-30% of the population [10, 11] , presumably by suppressing ocular surface inflammation. Because of its hydrophobic property, the only commercially-available form for topical administration of CsA is an oil-in-water emulsion, which has led to poor ocular tolerance, low bioavailability and instability [12] . Our goal in this study was to reformulate CsA for systemic delivery in a way that might reduce its systemic toxicity as well as minimize the frequency of administration while retaining its efficacy. We chose an autoimmune dry eye disease, Sjögren's syndrome (SS), with systemic manifestations in the tear-producing lacrimal gland (LG) to test our reformulated construct. SS is a chronic autoimmune inflammatory disorder characterized by lymphocytic infiltration of exocrine glands, particularly LG and salivary glands (SG), and affecting more than 4 million Americans [13] . The hallmark clinical symptoms of SS are persistent dry eye and dry mouth, which eventually lead to severe corneal damage and compromised oral health. Disease progression is also associated with the development of constitutional symptoms involving pulmonary, neurological, vascular, and renal systems [14] . The LG and ocular surface system collectively represent an ideal disease model for evaluation of CsA efficacy, as SS is associated both with autoimmune-mediated LG and systemic inflammation as well as the reduced tear flow characteristic of aqueous-deficient DES, for which topical CsA is prescribed clinically. The well-established murine model for SS that we have used is the male Non-obese Diabetic (NOD) mouse [15] , which spontaneously develops autoimmune dacryoadenitis (inflammation of the LG) and ocular surface dryness that recapitulates that seen in human SS [16, 17] . Although SS is more prevalent in women, utilizing the males instead of females in this murine model is based on their different patterns of disease development. Male NOD mice develop an early, profound lymphocytic infiltration of the LG at 8-12 weeks of age but exhibit little SG inflammation [18] . Female NOD mice develop a profound SG lymphocytic infiltration by 16-20 weeks of age, but lesser LG inflammation [19] [20] [21] . In addition to lymphocytic infiltration in the LG and reduced tear secretion, male NOD mice recapitulate other characteristics of human SS including elevated expression of matrix metalloproteinases (MMPs) in LG and in tears [22] , and increased LG and tear levels of pro-inflammatory cytokines such as IL-1α, IL-2, IFN-γ, IL-6, and TNF-α [23] .
The novel formulation of CsA developed here utilizes elastin-like polypeptides (ELPs). ELPs, derived from human tropoelastin, consist of pentameric repeats of (Val-Pro-Gly-Xaa-Gly) n where Xaa is the guest residue and n is the length of the repetitive units. ELPs have a unique inverse transition behavior. Below their transition temperature (T t ), they are highly water soluble but once the temperature rises above their T t , ELPs undergo a phase separation process and self-assemble into different kinds of coacervates which can include particles of different sizes [24] . This phase separation is a fully reversible process and can be used to effectively purify ELP-conjugated materials [15] . Phase behavior can be precisely controlled by adjusting the hydrophobicity of guest residue "Xaa" and the number of pentapeptide repeats "n" [25] .
Here we report that through molecular cloning, we have fused the cytosolic sequence of the human receptor of CsA, cyclophilin A (CypA), to a particular ELP, A192, which has the amino acid sequence of G(VPGAG) 192 Y. This CypA-A192 (CA192) fusion protein was designed to help solubilize CsA and to function as a drug carrier to improve the CsA safety profile when administered systemically. The results reported herein describe the biophysical properties of this protein-based carrier, as well as its high affinity for CsA, which significantly extended the in vitro release profile of CsA and, more importantly, the systemic circulation time upon parenteral administration. Furthermore, this study demonstrates that CsA bound to CA192 exhibits comparable activity in inhibition of IL-2 release in vitro in an activated Jurkat cell system relative to free CsA through the calcineurin-NFAT signaling pathway. Finally, in a proof-of-concept in vivo study, our results show that CsA bound to CA192 injected subcutaneously into male NOD mice with established disease improves tear flow and reduces systemic toxicity, relative to free CsA. 
Materials and methods

Reagents
NHS
Mice
Male NOD mice were bred at USC vivarium from breeding pairs obtained from Taconic (Hudson, NY). Male BALB/c mice (Stock No: 000651) were purchased from The Jackson Laboratory (Bar Harbor, ME). All animal use was in compliance with protocols approved by the University of Southern California Institutional Animal Care and Use Committee, and experiments were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
ELP biosynthesis and biophysical characterization
The encoding sequence of CypA was designed using Escherichia coli (E. coli) biased codons. The custom encoding sequence comprising the full length human CypA sequence was flanked by restriction recognition sites for NdeI and BamHI at the 5′ and 3′ ends to enable the insertion of the CypA sequence into the pET-25b(+) vector. Another BseRI restriction site was placed immediately ahead of the BamHI restriction site, allowing the ligation of the A192 encoding sequence, which was synthesized by recursive directional ligation in a modified pET-25b(+) vector [26] . Thus, the custom encoding sequence indicated below was ordered from Integrated DNA Technologies (IDT):
After verifying the correct sequence through DNA sequencing, the resulting plasmid with the fusion protein sequence (Supplemental Fig.  S1 ) was first amplified in TOP10 competent cells and then transfected into BLR competent cells for expression. After expression, the CA192 fusion protein was purified by inverse transition cycling (ITC) [27] ( Table 1) . Briefly, following cell lysis by sonication, the phase transition of CA192 can be triggered by heating to 37°C in the presence of 2 M sodium chloride (NaCl), allowing the collection of CA192 coacervates via centrifugation at 4500 x g (hot spin). The ELP pellet was then resolubilized in cold PBS and subjected to another centrifugation at 4°C, a temperature below the T t of CA192, at 16,100 × g (cold spin). This constituted one cycle of ITC. More than 98% purity was obtained by 3 rounds of ITC. The protein yield was around 90 mg/L to 120 mg/L.
The concentration of CA192 in phosphate-buffered saline (PBS) was determined by measuring the optical density at 280 nm with a onecentimeter light path using a UV-Vis spectrophotometer (DU800, Beckman Coulter Inc., Brea, CA) after diluting CA192 into 6 M guanidine hydrochloride to disrupt any aggregates. The molar extinction coefficient, ε, of CA192 and A192 were estimated to be 9970 (M −1 cm −1 ) and 1285 (M −1 cm −1 ), respectively, based on the following Eqs. [28] : n n n 125 5500 1490
and
The molecular weight of purified fusion protein was verified by SDS-PAGE stained with copper chloride (CuCl 2 ). The phase behavior of CA192, along with the parent ELP, A192, was characterized again using UV-Vis spectrophotometry by measuring the optical density at 350 nm, OD 350 , where neither fusion protein nor A192 contribute significantly to absorption. ELPs at different concentrations (5 μM to 100 μM) were subjected to a controlled temperature gradient from 25 to 75°C at 1°C/ min. The transition temperature (T t ) of each ELP is defined as the temperature at which the first derivative of the optical density with respect to the temperature reaches a maximum.
Size exclusion chromatography (SEC) with multi-angle static light scattering (MALS)
To resolve CA192 and estimate the molecular weight of different populations of the protein, 100 μL of 25 μM of CA192 was injected onto a Shodex Protein KW-803 (8.0 mm I.D. x 300 mm) (Showa Denko America, New York, NY) column preconditioned and equilibrated with PBS. This was followed by application of an isocratic flow of PBS at 0.5 mL/min to elute CA192. Elution was monitored by three in-line detectors: i) UV 210 nm (SYS-LC-1200, Agilent Technologies, Santa Clara, CA); ii) multi-angle static light scattering (DAWN HELEOS, Wyatt Technology, Santa Barbara, CA); and iii) differential refractometer (OPTILAB rEX, Wyatt Technology, Santa Barbara, CA). ASTRA 6 was used for data analysis and molar mass determination.
Dynamic light scattering (DLS)
The hydrodynamic radius (R h ) of the ELP fusion proteins was measured via dynamic light scattering (DLS) using a DynaPro Plate Reader II from Wyatt Technology (Santa Barbara, CA) and analyzed by software DYNAMICS V7 (Wyatt Technology, Santa Barbara, CA). Before the DLS measurement, solutions were filtered through syringe filters (25 mm, 0.2 μm). The concentration of each solution was then adjusted to 20 μM. 60 μL from each sample was pipetted into three different wells on a 384 well clear bottomed plate and covered by 15 μL mineral oil in each well to avoid solvent evaporation. Centrifugation was performed to remove air bubbles prior to analysis.
Isothermal titration calorimetry (ITC)
ITC (MicroCal PEAQ-ITC, Malvern Instruments Ltd., Worcestershire, United Kingdom) was utilized to study the binding affinity between CsA and CA192. CsA and CA192 were solubilized in the same buffer (2.5% v/v DMSO in PBS) to eliminate the interference by background heat released from buffer disequilibrium. Then, the calorimeter cell was filled with 13 μM CsA and the titration syringe was filled with 150 μM CA192. The titration syringe injected 3 μL of CA192 12 times into the calorimeter cell. When binding occurs, the released heat during gradual titration is measured by the sensitive calorimeter. The MicroCal PEAQ ITC analysis software was then used to fit the resulting isotherm into an "one set of sites" binding model to generate the affinity (K d ), stoichiometry (N) and enthalpy of interaction (ΔH).
Drug encapsulation and reverse-phase high performance liquid chromatography (RP-HPLC) analysis
CsA was encapsulated into CA192 based on our previously reported two-phase solvent evaporation method [29] . Briefly, an aqueous phase (PBS containing 300 μM CA192) was mixed with an organic phase (90% hexane/10% ethanol containing 1 mM CsA). Under a nitrogen environment with constant stirring, along with the evaporation of organic solvent, CsA was gradually displaced into the aqueous phase where it was solubilized through binding CA192. This process was followed by (9), yielding an intercept, b, at 1 μM, and a slope, m, representing the change in temperature upon a 10-fold change in concentration. Mean ± 95% CI.
high-speed centrifugation at 16,100 ×g, ultrafiltration through syringe filters (25 mm, 0.2 μM) and dialysis for 4 h using a dialysis cassette (20 K MWCO, 3 mL) against PBS to remove excess insoluble drug and residual solvent. The loading ratio was determined by RP-HPLC using a C4 column (150 × 4.6 mm, particle size 5 μm, YMC CO., LTD.) The mobile phase was composed of water and methanol, each containing 0.1% trifluoroacetic acid (TFA). The sample was eluted at a flow rate of 1 mL/min with a gradient flow of methanol/water (40:60) to methanol/ water (95:5) for the first 5 min and then an isocratic flow of methanol/ water (95:5) for another 5 min. The eluate was subject to UV detection at 210 nm. CsA dissolved in methanol at different concentrations: 5 to 50 μM were first analyzed with this method to establish a standard curve.
In vitro drug release assay
The in vitro disassociation of CsA from CA192 (120 μM, 3 mL) in aqueous solution was characterized by performing sink dialysis against 1.5 L PBS at 4°C or 37°C. PBS was changed every 48 h. Samples were collected from the dialysis cassette (20 K MWCO, 3 mL) from 2 to 196 h and analyzed by RP-HPLC. Similarly, to study the free drug release profile, CsA dissolved in DMSO was dialyzed against sink conditions of PBS at 4°C or 37°C, and sampled until 10 h at 4°C or 5 h at 37°C.
Competitive binding assays
To simulate the physiological situation where albumin may displace CsA from CA192, human serum albumin was dissolved into PBS solution with 150 μM CA192-CsA to a final concentration of 1 mM, which is approximately the physiological concentration of albumin in human serum. The mixture was incubated at 37°C and sampled from 8 to 48 h. The ELP-mediated phase-separation was then exploited to isolate CA192-CsA from the mixture. Briefly, 5 M NaCl solution was added to collected samples to reach a final NaCl concentration of 1 M to induce the phase separation at 37°C. The pellet was obtained by centrifugation at 16,100 x g for 10 min and resuspended for RP-HPLC analysis to measure CsA concentration still retained by CA192.
CA192-CsA was also tested against mouse plasma collected from 26-week-old male BALB/c mice. 300 μM CA192-CsA in PBS was diluted 1:1 in mouse plasma to achieve a final concentration of 150 μM. Similarly, the mixture was incubated at 37°C and sampled from 8 to 48 h. The phase separation of CA192 was induced with 1 M NaCl at 37°C and the ELP was isolated by centrifugation. The pellet following centrifugation was resuspended for RP-HPLC analysis to measure the remaining CsA bound to CA192.
Cellular uptake of ELPs
CA192 was labeled with NHS-rhodamine. The labeling protocol was optimized for CA192 to achieve an approximately 100% labeling efficiency. Briefly, 3.5 mL of 200 μM CA192 was mixed with a 3× molar excess NHS-rhodamine at 4°C for 1.5 h under constant rotation. Unbound, free dye was removed using Zeba Desalting Chromatography Cartridges (7 K MWCO, 5 mL). The absorbance of rhodamine-CA192 (Rho-CA192) at 555 nm (OD 555, RhoCA192 ) was measured using a UV-Vis spectrophotometer. The labeling efficiency was calculated based on the equation below, where the ε rhodamine is 80,000 (M −1 cm −1 ) at 555 nm and the concentration of C CA192 was measured before labeling to be 200 μM.
Labeling efficiency OD C
Rho CA rhodamine CA
555, 192
Jurkat cells, Clone E6-1 (TIB-152™, ATCC ® , Manassas, VA) were first cultured in medium composed of Advanced RPMI 1640 + 10% FBS + 10 mM HEPES + 100 units/mL penicillin + 100 μg/mL streptomycin to a density of 3 × 10 5 /mL. Jurkat cells were then incubated on 35 mm glass bottomed dishes (P35G-0-10-C, MatTek Corporation, Ashland, MA) precoated with Poly-D-lysine for 15 min to enable attachment. Cell density was adjusted to 3 × 10 6 /mL to achieve better adhesion and then diluted back to 3 × 10 5 /mL for further treatment. Following attachment, cells were incubated with 10 μM Rho-CA192 for 2 h. Similarly, HeLa cells (CCL-2™, ATCC ® , Manassas, VA) cultured to 50% confluency in Dulbecco's Modified Eagle's medium (DMEM) with Lglutamine with 10% Fetal Bovine Serum (FBS) and 100 units/mL penicillin + 100 μg/mL streptomycin were incubated with 30 μM rhodamine-labeled CA192 for 2 h. After washing three times with warm PBS to remove residual unbound Rho-CA192, cells were incubated with Hoechst (2 drops/mL culture media) and Lysotracker green at a final concentration of 150 nM for 20 min. Finally, cells were imaged by confocal fluorescence microscopy (ZEISS LSM 800 with Airyscan, Carl Zeiss Microscopy GmbH, Germany).
CsA-mediated suppression of IL-2 secretion from Jurkat cells
Jurkat cells were cultured as above to a density of 3 × 10 5 /mL. Stimulation of Jurkat cells was with Phorbol 12-myristate 13-acetate (PMA) and ionomycin, each dissolved in DMSO and then added to culture medium to a final concentration of 20 ng/mL for PMA and 1 μg/ mL for ionomycin. Immediately after the stimulation, cells were subject to treatment with CA192-CsA or free CsA dissolved in 2.5% v/v DMSO at CsA concentrations from 10 pM to 100 nM for 6 h at 37°C. IL-2 concentration in culture medium was assessed using an ELISA kit (EH2IL-2, Thermo Fisher Scientific, Waltham, MA) on a SpectraMax iD3 Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA) at 450 nm.
NFAT signaling using Western blot analysis
Jurkat cells were cultured as above in 6-well-plates to a cell density of 3 × 10 5 /mL. Two wells were used as negative controls (non-treated) and positive controls (stimulation with PMA and ionomycin at doses listed above), respectively. The remainder of the wells were subjected to pre-incubation with CA192-CsA, CsA dissolved in 2.5% v/v DMSO, CA192, or 2.5% v/v DMSO for 1 h at 37°C, followed by stimulation for another 1 h at 37°C. Cells were collected via centrifugation, washed three times with cold PBS, and lysed with RIPA lysis and extraction buffer containing Protease and Phosphatase Inhibitor Cocktail. Electrophoretic transfer was conducted with an iBlot 2 Dry Blotting System (Thermo Fisher Scientific, Waltham, MA) following electrophoretic separation using SDS-PAGE. After 1 h blocking with 5% milk in Tris-buffered saline with 0.1% Tween 20 at room temperature, the membrane was incubated with primary rabbit antibody to NFAT1 (1:1000 dilution) or NFAT2 (1:1000 dilution) overnight at 4°C. After washing three times for 5 min, the membrane was incubated with antirabbit IgG, HRP-linked secondary antibody (1:1000 dilution) for 1 h prior to washing three times for 5 min. Chemiluminescent substrate (ProSignal Dura components) was mixed 1:1 and placed on the blot with a volume of 0.1 mL/cm 2 for 2 min, followed by draining of the excess reagent. The damp blot was imaged using a ChemiDoc Touch Imaging System (Bio-Rad Laboratories, Hercules, CA) to capture the chemiluminescent signal.
Pharmacokinetics and subcutaneous bioavailability of CA192
To study the pharmacokinetic profile of the CA192 carrier, Rho-CA192 (200 μM CA192 concentration; 104% labeling efficiency, 150 μL injection volume/35 g BW) was injected into 12-week male BALB/c mice intravenously (IV) or subcutaneously (SC) for a total dose of 30 nanomoles or 857 nanomoles/kg BW. 20 μL of blood was collected by tail nick at time points from 5 min to 72 h. The collected blood was immediately added to 80 μL of heparinized PBS at a heparin concentration of 1000 U/mL. Blood cells were removed by centrifugation at 16,100 ×g for 10 min and diluted plasma was collected. CA192 concentration in plasma was calculated based on the fluorescence intensity measured by a SpectraMax iD3 Multi-Mode Microplate Reader (Excitation/Emission: 540/580 nm).
Both non-compartmental and compartmental methods were applied to analyze the PK profiles of CA192 after IV or SC administration. Noncompartmental analysis was primarily based on the estimation of body exposure to drug after administration, which is reflected by the area under the plasma concentration-time curve (AUC). The AUC was first computed with the trapezoidal method. Thereafter, the area under the first moment curve (AUMC), mean residence time (MRT) and mean absorption time (MAT) were calculated as follows:
Using these estimates, the SC bioavailability, F, the plasma clearance (CL) were estimated as follows:
Similarly, the terminal half-life, T 1/2, Terminal , was best-fit to the loglinear decay observed in each individual over the last three time points.
Regarding the compartmental model-based analysis, the volume of distribution of the plasma compartment (V d ), the elimination rate constant (k elimination ), the transfer rate constant from plasma to tissue (k plasma➔tissue ) and the transfer rate constant from tissue back to plasma (k tissue➔plasma ) were first solved from the two-compartmental IV model. This IV model was then used to construct the four-compartmental SC analysis under the assumption that V d and k elimination remain constant from IV to SC. This enabled fitting of additional constants in the SC model including an apparent elimination rate constant from interstitial fluid (ISF) (k ISF_elimination ), which was used to account for the observed bioavailability, F. If either k ISF_elimination or k SC_site-> ISF were rate limiting (ie. much greater than the other), then the model would reduce to a one-phase absorption; however, a one-phase absorption model was unable to fit the late peak times observed. This suggested that k ISF_elimination and k SC_site-> ISF are on the same order of magnitude; therefore, the assumption was made that k ISF_elimination = k SC_site-> ISF , which enabled good fitting to each mouse. From these best-fit curves generated in SAAM II, the peak concentration, C max , and peak time, t max, were extracted from calculated points of each fit after increasing the Minimum Number of Calculation Intervals to 500. For comparison with the noncompartmental CL, the clearance from the compartmental model was solved by the following equation:
Therapeutic evaluation of CA192/CsA using the male NOD mouse model of autoimmune dacryoadenitis in Sjögren's syndrome
The therapeutic study on male NOD mice was initiated when animals reached 14 weeks of age, when SS-like autoimmune dacryoadenitis was fully established [30] . 45 mice were divided into 3 different groups receiving one of the three treatments: 1) CA192-CsA; 2) Free CsA (Sandimmune ® ); and 3) CA192 carrier control. For groups 1 and 3, 400 μL/35 g BW of CA192 with a concentration of 300 μM with or without CsA loading, respectively, was injected. The same volume of diluted Sandimmune ® was injected into mice in group 2. Mice in groups 1 and 2 were subject to the same CsA concentration of 2.5 mg/kg. Treatments were given SC every other day for 2 weeks. Basal tear production was measured before and after treatments by performing a thread test [31] . Briefly, under light anesthesia with isoflurane, a ZoneQuick phenol red-embedded thread was applied in both eyes at the canthus of the ocular surface for 10 s. Basal tear volume was recorded as the length of thread wetting by basal tears in mm. Stimulated tear collection was conducted under full anesthesia as a terminal procedure. After intraperitoneal injection with a mixture of ketamine/xylazine at concentrations of 100 mg/kg and 10 mg/kg, respectively, mice were subjected to a small bilateral incision on the axis between the outer junction of the eyelid and the ear to expose the LG on both sides. Then 3 μL of 50 μM carbachol (CCh) was applied directly onto the LG to stimulate tear secretion, followed by tear collection from both eyes using 2 μL micro-capillary tubes, which were placed at the tear meniscus in the medial canthus for 5 min. This stimulation and collection procedure was repeated two more times and the volume of collected tears was recorded. Serum chemistry was conducted by ANTECH Diagnostics (Fountain Valley, CA).
Results
Protein purification and characterization
After expression, centrifugation and lysis, the CA192 fusion protein was concentrated and purified by repeatedly inducing ELP phase separation [27] . The molecular weight of purified fusion protein was verified by SDS-PAGE stained with copper chloride. The parent ELP, A192, served as a control. CypA has a molecular weight of 18.0 kDa. Combined with the 73.6 kDa molecular weight of A192, the molecular weight of CA192 was expected to be around 91.6 kDa, which is consistent with the shift seen for CA192 on SDS-PAGE (Fig. 1B) .
The phase transition temperature (T t ) of CA192 was reduced with respect to A192 (Fig. 1C) ; however, both polymers likely remain soluble at physiological temperatures. At 25 μM, the transition temperature of CA192 was 49.3°C, significantly lower than that of A192 at 60.9°C. Consistent with our previous finding [32] , the T t of CA192 was also found to be a function of concentration:
where the intercept, b, representing the transition temperature at 1 μM, is equal to 53.1°C, the slope, m, is the decrease in Celsius for a 10-fold increase in concentration, which equals 2.9°C, and [C ELP ] represents the fusion protein concentration (Fig. 1D , Table 1 ).
Particle size determination
Size exclusion chromatography with multi-angle light scattering (SEC-MALS) was used to study the aggregation status and molecular weight of CA192. As shown in Fig. 2A , two different fractions were separated by SEC, suggesting heterogeneity of CA192 in solution. The aggregation and oligomeric state of these two fractions was then evaluated by multi-angle light scattering, together with a UV detector set at 210 nm and a differential refractometer. Surprisingly, the molecular weight of the second fraction was determined to be 181.0 kDa ( ± 4.1%), accurately doubling the expected molecular weight of CA192 in its monomeric state and indicating the existence of dimerized CA192. Similarly, fraction 1 was demonstrated to be an aggregated form based on its estimated molecular weight of 8.511 × 10 4 kDa ( ± 2.5%). Then the dimerized form was collected from SEC and subject to a DLS measurement of hydrodynamic radius (R h ). Native CA192 without SEC isolation was used as a control. As shown in Fig. 2B , and consistent with data acquired from SEC-MALS, without further separation by SEC, DLS could detect two peaks in the native CA192 with R h of 7.4 ± 0.7 nm (mean ± SD, n = 3) and 113.0 ± 59.1 nm (mean ± SD, n = 3). The isolated dimerized form, however, demonstrated a good monodispersity with a R h of 6.9 ± 0.1 nm (mean ± SD, n = 3).
Binding affinity of CA192 to CsA
Isothermal titration calorimetry (ITC) was utilized to study the thermodynamics between CA192 and CsA. Two different fractions isolated by SEC were analyzed separately. Interestingly, we discovered that only dimerized CA192 maintains CsA binding capacity (Fig. 3) . Thus, from this point forward, only dimerized CA192 was used in our experiments. The dissociation constant (K d ) was determined to be 189 ± 87 nM (mean ± SD, n = 3) at 37°C, which is slightly higher than that measured for endogenous CypA and CsA of 35.5 nM [33] , possibly due to the fusion of CypA to the ELP construct and the presence of 2.5% DMSO in solution. Additionally, as expected, the stoichiometry indicated 1.05 ± 0.06 (mean ± SD, n = 3) consistent with the designed architecture, where one CA192 monomer binds to one CsA molecule.
In vitro drug release profile
Binding to CA192 significantly altered the drug release profile of CsA in vitro as evaluated by dialysis under sink conditions at 4°C and 37°C. More than 75% of drug was still recovered in the dialysis cassette when stabilized by CA192 after 8 days at 4°C. As shown in Fig. 4A and B, the drug release from CA192 fits a one-phase decay model with a half-life of 954 h (95% CI: 553 to 3219 h), of roughly 40 days, at 4°C and a half-life of 52 h (95% CI: 44 to 61 h) at 37°C. As a comparison, the free CsA release profile follows a two-phase decay with a burst release due to precipitation along with buffer exchange. The terminal half-life during the second slower decay is 6.3 h (95% CI: 2.7 to 99.0 h) at 4°C and 1.1 h (95% CI: 0.8 to 1.6 h) at 37°C.
Fig. 2. Expressed CA192 assembles two species in solution that can be isolated by size exclusion chromatography (SEC). A) SEC-MALS was used to investigate
the aggregation and oligomeric state of CA192. The molecular weight of these two fractions were determined to be 8.511 × 10 4 kDa ( ± 2.5%) and 181.0 kDa ( ± 4.1%), representing a nano-aggregate and a dimeric species, respectively. The black dashed line represents the molecular weight distribution. B) Purified CA192 dimers were isolated from the nano-aggregate population using SEC, which gave a monodisperse hydrodynamic radius of 6.9 ± 0.1 nm (mean ± SD, n = 3).
Competitive binding assays
Albumin is the most abundant serum protein serving as a carrier for many hydrophobic molecules, which may potentially compete with CA192 to bind CsA during systemic circulation. Here we proposed an in vitro assay where 150 μM CA192-CsA was incubated with albumin at its physiological concentration, 1 mM. As shown in Fig. 5 , over a 48-h period at 37°C, no significant drug loss from CA192 was observed, consistent with the high binding affinity reported in Fig. 3 . The initial drug loss during the first 8 h can be explained by incomplete isolation of all of the CA192 from the mixture.
Based on the manufacturer's monograph on Sandimmune ® , instead of albumin, lipoproteins in the plasma, mainly high-(HDL) and low-(LDL) density lipoprotein, predominantly bind to cyclosporine in the plasma. Thus, CA192-CsA was also tested against mouse plasma over a period of 48 h. Despite an initial drug loss due to incomplete isolation during the hot spin, more than 50% of CsA was maintained as CA192 bound after 48 h incubation at 37°C (Fig. 5B ). This degree of CsA loss is consistent with the 52 h half-life of disassociation under sink dialysis at the same temperature (Fig. 4B ).
Cell uptake assay
Jurkat cells and Hela cells were used to study whether CA192 can be internalized into cells as well as to identify its intracellular distribution if internalized. Upon labeling with NHS-rhodamine, the internalization of CA192 was visualized by tracking the fluorescence signal emitted from rhodamine. As shown in Fig. 6 , notable fluorescence accumulation was detected in a punctate pattern observed in cells incubated with CA192 for 2 h. The intracellular fluorescence was primarily co-localized with lysosomes labeled with Lysotracker Green, suggesting ultimate accumulation in lysosomes after uptake via some mode of endocytosis.
In vitro efficacy
The in vitro efficacy of CA192-CsA was studied using the Jurkat cell line, an immortalized human T lymphocyte cell line which releases IL-2 in response to stimulation with PMA and ionomycin [34, 35] , recapitulating T cell stimulatory responses in vivo. To determine whether the IL-2 release evoked by stimulation was neutralized effectively by CsA either in its free form or bound to CA192, stimulated cells were incubated with either CA192-CsA or free CsA dissolved in DMSO at serial dilutions indicated for 6 h. The respective inhibitory effects were quantified through measurement of released IL-2 concentration into the cell culture medium using an ELISA. As shown in Fig. 7 , both CA192-CsA and CsA/DMSO evoked substantial inhibition of IL-2 secretion at sub-nanomolar concentrations. The half maximal inhibitory concentration (IC 50 ) of CA192-CsA was 1.2 ± 0.4 nM (n = 3, mean ± SD), slightly higher than that of CsA in DMSO of 0.5 ± 0.2 nM (n = 3, mean ± SD).
To confirm whether this inhibitory effect was achieved through conventional calcineurin and NFAT signaling, we evaluated the effects of CA192-CsA versus free CsA on the phosphorylation state of NFAT1 and NFAT2 in activated Jurkat cells. As shown in Fig. 8 , CA192-CsA, as well as the CsA positive control in DMSO were able to arrest NFATs in their inactive phosphorylated state. The negative controls, CA192 or DMSO, did not reverse the dephosphorylation of NFATs by calcineurin evoked by PMA and ionomycin. The phosphorylated NFATs were differentiated from the dephosphorylated NFATs based on their migration on SDS-PAGE.
Pharmacokinetic profile of CA192
The PK profile of CA192 administered intravenously or subcutaneously was investigated in 12-week male BALB/c mice (28.3 ± 1.4 g BW, n = 10). The plasma concentration of CA192 was converted from retained fluorescence intensity in the plasma. The plasma concentration of CA192 versus time profile is depicted in Fig. 9A . Then both non-compartmental and compartmental analyses were utilized to characterize and interpret the PK profile of CA192, with each mouse analyzed individually to obtain statistical reliability. The estimated PK parameters of CA192 are summarized in Table 2 . Based on non-compartmental analysis, the MRT was extended from 7.3 h to 15.9 h through switching IV to SC administration, which reflects a mean absorption time (MAT) of 8.6 h. The bioavailability, F, of SC administration was determined to be 30.9%. The terminal half-life observed was of 29.2, 22.4 h for IV, SC administration respectively. This long terminal half-life results from the strong biphasic elimination observed as well as the high MW (182 kDa) of dimeric CA192.
To better understand the PK for CA192, compartmental models were next developed that fit the observed data, as shown in Fig. 9B , C. IV CA192 followed a biexponential decay, which was interpreted using a two-compartment pharmacokinetic model. This model assumes the initial distribution of CA192 into an apparent volume of distribution, V d , from which it distributed to surrounding tissues slowly during eventual elimination from the central plasma compartment. The best estimates for V d and k elimination from the intravenous two-compartment model were the input into a model for SC administration. When a threecompartment SC model was evaluated for direct absorption from the injection site to the plasma, it was unable to fit the late peak times observed. To accommodate this delay, a four-compartment model was required with a two-phase absorption phase from the subcutaneous injection site to another pool, which may represent the ISF. This second 'ISF' pool then drives absorption into the central plasma compartment.
In addition, direct elimination from the 'ISF' was allowed to account for the observed bioavailability of~30%, which may reflect degradation of the Rho-CA192 in ISF or elsewhere en route back to the circulatory system. To fit the profiles for each mouse reliably, it was necessary to assume that the absorption rate constants from the SC site to the ISF and from the ISF to the plasma were equal, which reflects that they are on the same order of magnitude. Both of these models are able to accurately fit the observed profiles (Fig. 9) , and their fit parameters are summarized ( Table 2 ). The compartmental model also enables the determination of the peak concentration after SC administration, C max = 0.8 μM, which occurred at t max = 7.1 h. Moreover, the clearances derived from noncompartmental, compartmental IV administration of CA192 were 0.49, 0.51 mL/h respectively, which are in close agreement.
Therapeutic effect on the NOD mouse model
2.5 mg/kg of CsA delivered by CA192 was administered SC following the regimen depicted in Fig. 10A to male NOD mice with established disease aged 14 weeks. Sandimmune ® (IV), introduced as a free drug positive control, was injected SC at the same dose. CA192 without CsA was used as a negative vehicle control. Since NOD mice have a tendency to develop type 1 diabetes with onset between 4 and 6 months of age, blood glucose was monitored during the study. As shown in Supplemental Fig. S2 , throughout the treatment period, nonfasting blood glucose of every mouse remained below the 250 mg/dL threshold, taken as the onset of diabetes, suggesting that they remained diabetes-free for the duration of the study. Basal tear flow before and after experimental treatments were measured by the thread test and compared. If the basal tear production increased after the treatment, it was interpreted that the mouse benefited from the treatment. Without CsA, the general trend is towards decreased tear production due to progression of inflammation during the study. As shown in Fig. 10B , most mice treated with Sandimmune ® or CA192-CsA benefited from treatment, while approximately half of the mice in the control group with CA192 alone showed no benefit. In addition to basal tear production, carbachol-stimulated tear production was compared among groups. Results in Fig. 10C clearly indicate that Sandimmune ® and CA192-CsA treated groups exhibited higher stimulated tear production relative to the CA192-treated control group. Notably, CA192-CsA treated mice showed a significantly higher tear production than CA192-treated mice. CA192-CsA did not significantly increase stimulated tear production relative to Sandimmune ® , which was likely because Sandimmune ® showed a trend to an increased production that did not rise to statistical significance. To provide insight into the expected plasma levels for CA192 during this study, the optimal compartmental model for SC CA192 (Table 2) , was then used to predict the plasma concentrations expected during this entire course of treatment (Fig. 10D) . In addition to predicting the CA192 levels at assay days 15 and 16, this prediction shows that a low level of accumulation is expected during the first four days of therapy, after which levels of the carrier follow a steady state profile. The most common clinical side effects of CsA, when administered systemically, are nephrotoxicity and hepatotoxicity [36] . Thus, we used blood urea nitrogen (BUN) as a nephrotoxicity biomarker to assess renal function. Interestingly, serum chemistry demonstrated that BUN in the Sandimmune ® group was approximately 50% higher than in the CA192-CsA and CA192 groups (Fig. 11A) . Similarly, serum alanine transaminase (ALT) was used to assess hepatotoxicity. However, no significant difference among groups was observed (Fig. 11B ).
Discussion
SS is a common chronic autoimmune disorder affecting more than 4 million Americans. Persistent DES is one of the clinical hallmarks of SS and can eventually lead to severe corneal damage. One of the few prescribed treatments available for SS-associate DES is an ophthalmic emulsion containing 0.05% CsA (RESTASIS ® ), which is intended to increase tear production as well as manage ocular surface inflammation. However, RESTASIS ® showed disappointingly inadequate clinical efficacy in inflammation-related DES in clinical trials where only 15% of RESTASIS ® treated patients exhibited statistically significant increases in a Schirmer's wetting test. More importantly, it did not restore LG tear production in SS patients [37] [38] [39] . For treatment of DES originating with an aqueous tear production deficiency like SS that is principally due to LG deficiency, this is a critical limitation. This inability of CsA to affect the LG may be because the nasolacrimal ducts efficiently drain topically-applied drugs from the ocular surface, allowing only limited systemic absorption at the LG and other sites of inflammation in SS. Topical administration may thus similarly limit other new treatments intended for dry eye, such as the LFA-1 antagonist, lifitegrast (Xiidra™) and emerging techniques, including nanowafers or microgels, from being fully effective in SS-associated dry eye [40, 41] . In contrast, the new CsA delivery platform reported here clearly has the ability to restore stimulated tear production from the LG in a mouse model of SS, which topical CsA was unable to clinically achieve. While future studies will investigate in more detail the additional potential therapeutic systemic benefits that this new SC CsA formulation has on exocrine gland inflammation and development of serum autoantibodies, as well as its effects on systemic inflammatory pathways, our proof-of-principle study shows that CA192 shows significant promise in mitigating the efficacy issues associated with use of CsA in SS-associated DES. It does so while reducing dose-limiting toxicities that have been associated with CsA administration for other autoimmune and transplant conditions.
As discussed above, topical administration of CsA, despite being [42, 43] . However, recognized as foreign substances, liposomes or phospholipid micelles encounter multiple defense systems including reticuloendothelial system (RES), opsonization and immunogenicity [44] . We report here our novel protein-based CsA carrier, CA192, which has the following advantageous properties. First, distinct from conventional liposomes or phospholipid micelles, which are known to be both effective and mildly immunogenic [45, 46] , CA192 may be immunologically acceptable and fully biodegradable as both moieties of this fusion protein are initially derived from human self proteins. Second, the hydrodynamic radius of dimeric CA192 was adjusted to approximately 7 nm to allow a favorable SC absorption and A) The schedule of dosing and acquisition of blood glucose and tear production measurements; B) Basal tear production measure by phenol-red threads suggested that most mice treated with Sandimmune ® or CA192-CsA benefited from the treatment: only the mean ± 95% CI of CA192 group includes 0; C) On the day of euthanasia, tears were collected after stimulating the LG topically with carbachol as described in the methods. CA192-CsA treated mice exhibited a significant increase in tear volume relative to CA192 control (P = 0.014). Error bars here represent mean ± SD from n = 15; D) Using the compartmental model for SC administration (Table 2) , the expected concentration profile for CA192 over the duration of the two-week study was estimated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 11 . CA192 delivery suppressed CsA nephrotoxicity relative to free CsA. A) Blood urea nitrogen (BUN) is a biomarker of nephrotoxicity. Serum chemistry demonstrated that Sandimmune ® treated mice had significantly higher BUN than CA192-CsA or CA192 treated mice, indicating higher nephrotoxicity. B) Alanine aminotransferase (ALT), an indicator for hepatotoxicity, was also inspected but no differences in values were observed between groups. Three animals from each group were subject to serum chemistry testing. Error bars represent mean ± SD from n = 3. biodistribution profile with a particle size exceeding the renal filtration cutoff to permit extended circulation. Third, the high binding affinity of CA192 for CsA (Fig. 3) greatly enhances drug solubility and provides a very long duration, one-phase drug release with minimal burst release (Figs. 4, 5) , an improvement not possible with the current liposomal or micelle-based CsA carriers. Finally, since we have shown that CsA can be well maintained in its CA192-bound state without being sequestered by albumin or lipoproteins in the plasma, less drug-drug interaction may be expected when co-administered with other drugs that intensively bind to albumin or lipoproteins, such as methotrexate [47, 48] or docetaxel [49, 50] , respectively. This strategy may make possible modification with targeting peptides to further improve the enrichment in inflamed tissue while reducing the off-target toxicity of CsA.
Regarding the feasibility of advancement from the laboratory scale to a clinical setting, the critical problem we will need to address in the future is to increase the drug loading capacity from the current 0.6% by mass to approximately 5% by mass, comparable to most drug delivery platforms. Although the high yield and ease of purification of ELP-based recombinant fusion proteins make it possible to scale up from an animal study to clinical studies, where a substantially higher dose is required, subcutaneous injection may need to be replaced by intravenous or intraperitoneal injection. These routes of infusion permit safe administration of higher volumes; however, the high solubility and low burst release of this formulation may also promote local administration, such as intra-lacrimal gland or subconjunctival injection. When CA192 at a higher loading capacity is administered to humans, additional toxicity of CsA may emerge. Our current data demonstrates the efficacy of CA192 to curtail nephrotoxicity, which may extend to related CypA-ELP fusions with higher loading capacity, receptor-mediated targeting ligands, or phase separation at physiological temperatures.
Not only being advantageous over traditional drug carriers, the concept of utilizing the cognate receptor of small molecule drug conjugated to ELPs through molecular cloning as a drug carrier, reported herein and previously by our lab [15, 51, 52] , is potentially superior to other ELP-based small molecule carriers as well. Functional CA192 fusion protein can be directly synthesized and easily purified by exploiting the ELP phase behavior from E. coli with a high yield of 90-120 mg/L, while other ELP-mediated delivery of small molecules require chemical conjugation for drug attachment [53] [54] [55] , introducing chemical variability and polydispersity, thus, necessitating further chromatographic purification.
Another question that we will address in future studies utilizing this carrier is the role of of IL-2 in SS. On one hand, intralesional T cells were demonstrated to predominantly express Th1 cytokines including IL-2 and IFN-γ in SS patients [56, 57] . Over 40-fold more IL-2 is demonstrated to be produced by CD4+ T cells in SG of SS patients as well [23] . Thus, an inhibitor effect of CsA on IL-2 should have specific therapeutic potential in the treatment of T cell exocrine gland infiltration in SS. On the other hand, emerging studies have begun to establish a protective role of IL-2 in some autoimmune diseases [58] due to the key role IL-2 plays in the homeostasis and activation of regulatory T cells (Tregs) [59] . However, since Tregs are 7 to 10 times more sensitive to IL-2 than natural killer (NK) cells and other IL-2 responsive CD4+ helper T cells [60] , IL-2 levels needs to be constrained to an "ultra-low-dose" range where Tregs can still reliably expand but which has relatively less impact on other IL-2-responsive cells. Therefore, identifying an optimal CsA dose for the specific autoimmune disease of interest, whether it is SS or another, will be critical in future studies. In addition to IL-2 downregulation, the therapeutic efficacy of CsA on SS may be highlighted through its potential inhibitory effects on IL-17 as well [61, 62] , whose contribution in immunopathogenesis in various autoimmune disorders, including SS [63] [64] [65] [66] , has been newly suggested by mounting evidence.
Conclusions
Here we demonstrate for the first time that the prolyl isomerase protein known as CypA, can be bioengineered into a drug carrier, CA192, for the potent immunosuppressant CsA. Unlike traditional drug encapsulation strategies, this innovative strategy is surfactant-free, does not require the breakage of a covalent linkage, and is instead based on high specificity binding between a drug and its cognate receptor protein. Since the MW of CypA is below the renal filtration cutoff, it was fused to a humanized elastin-like polypeptide to increase its MW bỹ 80 kDa; furthermore, this fusion assembles a stable, functional, and dimeric species. When bound to CsA, this carrier retains drug for extended durations, traffics to low pH compartments in cells, inhibits the NFAT/Calcineurin/IL-2 pathway, enhances the mean residence time following subcutaneous administration, reduces renal drug toxicity, and increases tear production in a non-obese diabetic mouse model of SS.
